The infl ammatory bowel diseases (IBDs) emerged after industrialization. We studied whether ambient air pollution levels were associated with the incidence of IBD.
INTRODUCTION
Sir Samuel Wilks introduced ulcerative colitis into the medical vernacular in 1875 ( 1 ) . Th e predominant air pollutant at that time was sulfurous gases arising from combustion of coal in industrial regions ( 2 ) . Crohn ' s disease became readily recognizable in 1932 during the advent of the automobile era ( 1 ) . Traffi c-related pollutants such as nitrogen oxides and particulate matter that arise from the combustion of fossil fuels began to increase in urban societies during the 20th century ( 2 ) .
Early in the 20th century, the incidence of ulcerative colitis was higher than Crohn ' s disease. However, although the incidence rates of ulcerative colitis have stabilized, the incidence of Crohn ' s disease began to steadily rise in industrialized nations in Europe ( 3 ) and North America ( 4 ) . In developing nations, inflammatory bowel disease (IBD) rarely occurred; however, as these nations became industrialized, the incidence of ulcerative colitis and then Crohn ' s disease increased ( 5, 6 ) . Despite numerous studies, few environmental risk factors for IBD have been identified ( 4 ); however, they have not completely explained the processes that provoke IBD. Moreover, risk factors associated with industrialization have been incompletely investigated.
INFLAMMATORY BOWEL DISEASE
Air pollution directly aff ects pulmonary diseases including asthma and lung cancer ( 7 ) . Air pollution exposure has also been shown to impair lung function development in children ( 8 ) . In addition, air pollution has also been associated with a variety of non-pulmonary diseases including myocardial infarction ( 9 ) , appendicitis ( 10 ) , and rheumatoid arthritis ( 11 ) . Air pollutionmediated infl ammation has been implicated as the cause of several adverse health eff ects ( 12 ) . Similar pro-infl ammatory processes occur in IBD ( 13 ) . Th us, we studied whether residential exposures to ambient air pollution concentrations were associated with the development of Crohn ' s disease and ulcerative colitis.
METHODS

Patient data source
Th e health improvement network (THIN) database consists of general practice electronic medical records for a sample of patients in the United Kingdom. Although the database is cleared of personal identifi ers, it includes electronic information on patients at an individual level that can be tracked through time and includes demographics, physician defi ned diagnoses, prescription medications, cigarette smoking status, and death certifi cates. Th e THIN database also includes postcode linked area based socioeconomic and environmental indicators. Every 3 months, data from practices are exported to the THIN administrators and changes (e.g. new diagnosis) are recorded ( 14 ) . Clinical diagnoses and prescribing data in the THIN database have been shown to be similar to the general practice research database ( 15 ) .
Environmental data source
Th e National Environmental Technology Centre and Department of Environment, Food and Rural Aff airs monitored ambient air quality in the United Kingdom using urban and rural fi xed site monitors. Air pollutants that were monitored included particulate matter with an aerodynamic diameter of < 10 μ m (PM 10 ), sulfur dioxide (SO 2 ), and nitrogen dioxide (NO 2 ). Nitrogen oxides were also recorded; however, this pollutant was excluded in this study because nitrogen oxides were highly correlated to NO 2 . Air pollutants were measured by fi xed monitoring sites that include the Automatic Urban Network (103 sites), the Automatic Rural Network (24 sites), and the Automatic London Network (14 sites). Regional mean air pollution concentrations were extrapolated by creating air pollution concentration interpolation maps ( 16 ) .
In 2001, the annual means for NO 2 , SO 2 , and PM 10 were determined for each ward ( ~ 2,000 residents). Th e wards were then stratifi ed into quintiles based on the distribution of the pollution levels. Th e range of annual mean air pollutant concentrations for each quintile can be found in Supplementary Appendix online. On the basis of residential postcode, the participants in the THIN database were assigned a pollution score. Th e fi rst linkage of air pollutant quintiles to postcodes occurred on 1 July 2006 and was updated if the case / control moved residence but remained registered within the practice. In total, 322 practices had air pollution data linked to 2,496,166 active members.
Study population
A nested case -control study was conducted by identifying incident cases of IBD and matched controls from within the THIN database. Subjects were eligible if they met the following criteria before 1 July 2005: between the ages of 5 and 84 years, enrolled in the THIN database for at least 3 years, and not previously diagnosed with IBD. Th e cohort members were followed from 1 July 2005 until the earliest of: fi rst code of IBD, migration out of practice, death, or last data collection up to 31 October 2008.
During the study period, 2,063 THIN members were recorded with a new code for the IBDs. To minimize misclassifi cation of IBD type, non-IBD patients, and prevalent cases, we excluded (i) 51 cases coded with both Crohn ' s disease and ulcerative colitis; (ii) 108 cases whose fi rst code was defi ned as " exacerbation; " (iii) 732 patients coded for indeterminate or unexplained colitis; (iv) three cases without air pollution data; and (v) 211 subjects without a prescription for at least one of corticosteroids, mesalamine, sulfasalazine, azathioprine, 6-mercaptopurine, methotrexate, infl iximab, and adalimumab. In total, 961 patients were newly diagnosed with Crohn ' s disease ( n = 367) or ulcerative colitis ( n = 591) between 1 July 2005 and 31 October 2008. Th e index date for an incident case was the date of a fi rst code with IBD.
A pool of eligible controls was created by randomly sampling 100,000 members of the THIN database. From the pool of controls, fi ve controls individually matched by age (within 1 year) and sex to each IBD incident cases were randomly selected. Controls were excluded if they were diagnosed with IBD before the index date of their matched case. Th e selection of controls was performed without replacement. Controls were subjected to the same inclusion / exclusion criteria as the cases. Age-and sexmatched controls were assigned the index date of their case for the purposes of the assignment of exposures. Th e study protocol was approved by the Conjoint Health Research Ethics Board at the University of Calgary.
Data analysis
Th e primary analysis involved stratifying individuals according to their air pollution levels based on quintiles grouped into high exposure (third, fourth, and fi ft h quintiles) and low exposure (fi rst and second quintiles). Conditional logistic regression analysis was used to determine whether exposures to NO 2 , PM 10 , or SO 2 were associated with an incident diagnosis of Crohn ' s disease and / or ulcerative colitis aft er adjusting for confounders.
Potential confounders that were controlled for included cigarette smoking status, socioeconomic status, prescription aspirin or nonsteroidal anti-infl ammatory drugs (NSAIDs), and appendectomy ( 4 ). Cigarette smoking status was defi ned as follows: (i) current smoker, coded for smoking within 3 months of the index date; (ii) ex-smoker, coded for smoking before, but not within 3 months of the index date; and (iii) never smoker, coded either as a lifetime non-smoker or not recorded as a smoker. Socioeconomic status was estimated using postcode level indicators generated from an index of deprivation based on the percentage of households: without access to a car, not in owner occupied accommodation, in
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overcrowded accommodation, and the percentage of the population aged 16 -74 years who were unemployed ( 17 ) . For prescription NSAIDs, the participant was classifi ed as current user, prescription within 1 month of the index date; past user, prescription that ended before the month preceding the index date; or never user.
We separately analyzed models that were stratifi ed by age quartiles for Crohn ' s disease ( ≤ 23, 24 -43, 44 -57, and ≥ 58 years) and ulcerative colitis ( ≤ 35, 36 -48, 49 -63, and ≥ 64 years). In a post hoc analysis, younger age groups ( ≤ 30, ≤ 25, and ≤ 20 years) were also evaluated for ulcerative colitis patients. All estimates were reported as adjusted odds ratios (ORs) with 95 % confi dence intervals (CIs). Linear trends in the adjusted ORs were evaluated across the quintiles to examine for a dose -response relationship. All analyses were performed using SAS soft ware (SAS, version 9.2, SAS Institute, Cary, NC).
Sensitivity analysis
Additional sensitivity analyses were performed to explore the potential eff ects of misclassifi cation biases with both exposure and health outcome measures. As air pollution scores were assigned based on residence aft er 1 July 2006, a sensitivity analysis was performed to restrict the analysis to patients diagnosed aft er 1 July 2006. To minimize the misclassifi cation of prevalent cases, the analysis was restricted to at least a 5-year washout period without a code for IBD before the index date. A sensitivity analysis was performed to exclude potentially prevalent IBD patients prescribed immunosuppressant within 3 months of the index date. Finally, subjects living in wards classifi ed in the third quintile were excluded allowing for comparisons between the highest (fi ft h and fourth) and lowest (fi rst and second) exposures. Finally, we restricted our analysis to cases and controls living in urban wards Never smokers were defi ned as either no record of smoking in the database or coded as a ' never smoker ' before index date. c Socioeconomic status was derived from an index of deprivation by area based on percentage of households: without access to a car, not in owner occupied accommodation, in overcrowded accommodation, and percentage of the economically active population aged 16 -74 years who were unemployed. 
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at the index date. Urban areas were defi ned as settlements, with a population size exceeding 10,000 persons ( 18 ) .
RESULTS
We identifi ed 591 individuals newly diagnosed with UC and 367 with Crohn ' s disease. Th e demographics at diagnosis of ulcerative colitis and Crohn ' s disease patients, as well as their matched controls at the index date, are shown in Table 1 . Table 2 did not signifi cantly change when we modeled these variables with SO 2 or PM 10 rather than NO 2 .
Crohn ' s disease
Overall, individuals who lived in regions of higher concentrations of NO 2 , SO 2 , and PM 10 were not at risk of Crohn ' s disease ( Table 3 ). However, individuals ≤ 23 years were signifi cantly more likely to be diagnosed with Crohn ' s disease if they lived in regions of higher concentrations of NO 2 (OR = 2.31; 95 % CI = 1.25 -4.28) aft er adjusting for confounders. Crohn ' s patients aged 44 -57 years were less likely to live in regions of higher NO 2 (OR = 0.56; 95 % CI = 0.33 -0.95) and PM 10 (OR = 0.48; 95 % CI = 0.29 -0.80) ( Table 3 ). Among patients ≤ 23 years, the adjusted OR increased linearly across quintile levels for NO 2 ( P = 0.02) and PM 10 ( P = 0.05), but not SO 2 ( Figure 1 ). Table 2 shows the risk of developing ulcerative colitis aft er adjusting for NO 2 , smoking, socioeconomic status, NSAIDs, and appendectomy. Compared with non-smokers, current smokers were protected from ulcerative colitis (OR = 0.59; 95 % CI = 0.43 -0.81), whereas ex-smokers were at increased risk (OR = 2.05; 95 % CI = 1.67 -2.53). Patients with an appendectomy were less likely (OR = 0.38; 95 % CI = 0.23 -0.64) to be diagnosed with ulcerative colitis. Th e adjusted ORs reported in Table 2 did not signifi cantly change when we modeled these variables with SO 2 or PM 10 .
Ulcerative colitis
Overall, NO 2 , SO 2 , and PM 10 were not associated with the diagnosis of ulcerative colitis at all ages and when the age groups were stratifi ed by quartiles ( Table 4 ). However, patients diagnosed with ulcerative colitis ≤ 25 (OR = 2.00; 95 % CI = 1.08 -3.72) and ≤ 20 (OR = 2.62; 95 % CI = 1.15 -6.00) years were signifi cantly more likely to live in regions of higher concentrations of SO 2 ( Figure 2 ). Reducing the age interval (i.e. ≤ 25 and ≤ 20 years) did not infl uence the risk estimates associated with NO 2 or PM 10 . Th e ORs did not increase linearly across quintile levels ( Figure 3 ). 
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DISCUSSION
Overall, air pollution exposure was not associated with the risk of developing IBD. However, children and young adults living in areas with higher levels of SO 2 were more likely to develop ulcerative colitis. Crohn ' s disease was more commonly diagnosed in young patients living in regions of higher concentrations of NO 2 . Th e eff ect of NO 2 on early onset Crohn ' s disease persisted aft er adjusting for confounders and across sensitivity analyses. Th e association demonstrated a dose -response eff ect and was strengthened when the analysis was restricted to urban areas. Finally, middle-aged adults diagnosed with Crohn ' s disease demonstrated a paradoxical negative association to NO 2 and PM 10 . Collectively, these fi ndings suggest that traffi c-related pollutants (i.e. NO 2 ) and industrial-based pollutants (i.e. SO 2 ) may have agespecifi c eff ects on the development of Crohn ' s disease and ulcerative colitis, respectively.
Early onset IBD diff ers from late-onset IBD by incidence patterns, having a more aggressive prognosis, and a diff erent phenotypic expression ( 19, 20 ) . Likewise, children are more susceptible to the toxic eff ects of pollutants compared with adults ( 21 ) . Th is may be explained by the fact that children and young adults tend to be more active and spend more time outdoors leading to greater exposure to air pollutants ( 21 ) . Gastrointestinal absorption of pollutants (e.g. lead ( 22 ) ) has been shown to be greater in children, and children metabolize pollutants less effi ciently than adults ( 21 ) . Furthermore, adverse health eff ects of pollutants may be greater in children because of dynamic development and growth ( 21 ) .
Adults aged 44 -57 years were less likely to develop Crohn ' s disease in regions of higher concentrations of NO 2 and PM 10 . Diff erential eff ects observed across ages may have been due to exposure misclassifi cation. Air pollution exposure was defi ned by residential measurements. Children and young adults spend more time outside their home and oft en attend schools nearby, whereas adults tend to work in areas with diff erent air pollution exposures than their homes. Th us, residential air pollution measurements may more accurately refl ect personal exposures in the young compared with older adults. Alternatively, environmental risk factors have been shown to have polarizing eff ects when comparing early onset IBD to late-onset IBD. For example, living with pets before the
Sensitivity analysis
We performed sensitivity analyses on each pollutant among the patients diagnosed with early onset Crohn ' s disease ( ≤ 23 years) and ulcerative colitis ( ≤ 25 years). When the washout period was extended from 3 to 5 years, the risk estimates marginally increased for both NO 2 in Crohn ' s disease (OR = 2.46; 95 % CI = 1.29 -4.69) and for SO 2 in ulcerative colitis (OR = 2.12; 95 % CI = 1.14 -3.94); in addition, young incident cases of Crohn ' s disease were signifi cantly more likely to live in regions of higher PM 10 . Restricting analysis to IBD cases diagnosed aft er 1 July 2006 also increased the risk estimates for NO 2 in Crohn ' s disease and for SO 2 in ulcerative colitis; in addition, Crohn ' s patients were more likely to live in wards with higher concentrations of PM 10 (2.08; 95 % CI = 1.04 -4.14) exposure. Exclusion of cases / controls living third quintile wards strengthened the association for NO 2 in Crohn ' s disease, whereas the eff ects of SO 2 were no longer signifi cant in ulcerative colitis. Excluding potentially prevalent cases / controls prescribed an immunosuppressant within 3 months of the index date reduced the risk estimates, but the associations were still signifi cant. Restricting the analysis to only cases and controls living in urban areas strengthened the association between NO 2 (3.27; 95 % CI = 1.32 -8.06) and Crohn ' s disease ( Table 5 ). age of 5 years reduced the risk of developing adult-onset Crohn ' s disease, whereas living with pets increased the risk of pediatriconset Crohn ' s disease ( 23 ) . Future studies will be needed to determine whether this paradoxical fi nding was due to methodological considerations or because of the complex interaction between the environment and the age of onset of IBD. Air pollution has been associated with other chronic infl ammatory diseases that, like IBD, occur in genetically predisposed individuals who are exposed to environmental triggers. Elevated levels of SO 2 and NO 2 were associated with an 11-fold increased risk for a relapse of multiple sclerosis ( 24 ) . Moreover, women exposed to traffi c pollutants were at increased risk of rheumatoid arthritis ( 11 ) . IBD patients are at higher risk of developing rheumatoid arthritis and multiple sclerosis ( 25 ) , which suggest that these diseases may share genetic susceptibility and environmental risk factors. In addition, acute exposure to elevated levels of NO 2 and ozone have been shown to increase the risk of appendicitis ( 26 ); likewise, appendicitis increased the risk of Crohn ' s disease in our study, as with others ( 27 ) . Th ese studies suggest a complex interaction between common environmental exposures such as air pollution and immune-mediated diseases.
Th e mechanisms by which air pollution may infl uence the development of IBD are speculative. Th e adverse health eff ects associated with air pollution are in part due to infl ammation. Th e inhalation of diesel exhaust in healthy volunteers led to a rise in T-helper-1-associated cytokines such as tumor necrosis factor ( 12 ) . Animals that fed air pollutants experienced oxidative damage of colonic mucosa ( 28 ) . Th us, exposure of air pollutants, either through inhalation or ingestion, may incite infl ammatory pathways that have been postulated to be central in the pathogenesis of IBD ( 13 ) . Alternatively, diesel exhaust exposure increases susceptibility to bacterial ( 29 ) NO2 P > 0.05 P > 0.05 P > 0.05 Urban areas were defi ned as settlements with a population size exceeding 10,000 persons.
explain diff erences between countries. Th us, future studies will be needed to corroborate our fi ndings, to explore late-onset IBD in the context of air pollution exposures at home and at work, and to evaluate gene -pollutant interactions.
When all age groups were combined, air pollution did not increase the risk of developing IBD. However, exposure to NO 2 and SO 2 may increase the risk of developing early onset Crohn ' s disease and ulcerative colitis, respectively. In contrast, exposure of NO 2 and PM 10 in middle-aged adults was negatively associated with the development of Crohn ' s disease. If these fi ndings are confi rmed, then this work provides novel insight into the complex pathogenesis of IBD.
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Several limitations should be considered. First, IBD cases may have been misclassifi ed and prevalent cases may have been mislabeled as incident. To minimize misclassifi cation, IBD patients were only included if they also had a prescription for an IBD-related medication (i.e. mesalamine, corticosteroid, immunosuppressant, or biologic). We also performed sensitivity analyses to minimize misclassifi cation of prevalent cases by increasing the washout period from 3 to 5 years and excluding patients prescribed an immunosuppressant within 3 months of the index date. In both sensitivity analyses, the primary results remained unchanged. Second, misclassifi cation of air pollution exposures was possible. Air pollution scores were assigned based on regional estimates (i.e. at the ward level rather than the patient level) derived in 2001 and assigned to patients based on residence aft er 1 July 2006. Patients diagnosed aft er 1 July 2005 and who moved residence before 1 July 2006 may have been assigned an incorrect pollution score. However, this misclassifi cation was presumably non-diff erential, which has the eff ect of biasing estimates toward the null. In fact, when the analysis was restricted to patients diagnosed aft er 1 July 2006, the risk estimates were strengthened. Th ird, the investigators cannot access postcodes in the THIN database and thus, more refi ned exposure assessments (e.g. using land use regression models) could not be performed. Fourth, other important air pollutants (e.g. ozone) were not available in the THIN database to study. Ozone exposure has been shown to increase the risk of appendicitis ( 26 ) and thus, future studies are necessary to evaluate the eff ects of other pollutants on IBD development. Fift h, the eff ect of SO 2 on ulcerative colitis was not as robust as those observed between NO 2 and Crohn ' s disease. SO 2 did not follow a dose -response relationship and when extremes were compared (i.e. fourth and fi ft h vs. fi rst and second quintiles), the eff ect of SO 2 lost signifi cance. Th us, one should cautiously interpret the eff ects of SO 2 on ulcerative colitis. Sixth, residual confounding may have introduced bias into our risk estimates. Although important confounders (e.g. smoking) were controlled, others (e.g. occupational exposures) were missing. Th e lack of information on occupational exposures limited our assessment of adult-onset IBD. For example, adults employed in " driving " occupations, which have greater exposure to traffi c-related pollutants such as NO 2 , have been shown to be at increased risk for developing Crohn ' s disease ( 31 ) . Seventh, multiple comparisons were analyzed including three pollutants and several age groups. Furthermore, signifi cant fi ndings were only observed aft er subgroup analysis. Consequently, significant fi ndings may have occurred by chance and these fi ndings need to be replicated in other IBD populations. Eighth, countries such as China and India have signifi cant air pollution, but have reported lower incidence rates of IBD. However, the incidence of IBD has rapidly increased in the past generation in developing nations as they have become industrialized ( 5,6 ) Also, genetic susceptibility to IBD diff ers across races ( 32 ); gene -environment interactions may
